Object. The pathogenesis of cervical spondylotic myelopathy (CSM) is related to both primary mechanical and secondary biological injury. The authors of this study explored a novel, noninvasive method of promoting neuroprotection in myelopathy by using curcumin to minimize oxidative cellular injury and the capacity of omega-3 fatty acids to support membrane structure and improve neurotransmission.
C erviCal spondylotic myelopathy is a potentially debilitating disorder caused by both primary mechanical and secondary biological SCI. Its surgical management has undergone significant evolution in the past few decades, improving our ability to address the primary mechanical injury. Despite advancements in spinal instrumentation and operative technique, however, neurological recovery can still be relatively limited in many patients following surgery.
One of our greatest current challenges in treating patients with CSM is an inability to directly treat the insidious secondary biological injury that ubiquitously occurs with this disorder. It is likely that this barrier is primarily responsible for the lack of meaningful neurological recovery in some patients after surgery as well as the propagation of SCI and progression of disease in those treated nonoperatively. Thus, there is a distinct need to develop therapies and treatment algorithms that directly address the secondary biological injury associated with chronic SCI and that can enhance repair processes following nonoperative treatment or surgical decompression.
In recent years there has been increasing interest in the influence of dietary factors on specific molecular systems and mechanisms within the CNS. In particular, the omega-3 fatty acid DHA has shown therapeutic potential based on its effects in reducing inflammation and providDietary therapy to promote neuroprotection in chronic spinal cord injury ing structural material to plasma membranes and on its effects on overall neuronal function. 3 In turn, curcumin possesses strong antiinflammatory and antioxidant capacity 20, 23 such that the combined actions of DHA and curcumin could be a potential strategy to counteract the biological injury encountered in CSM.
Most attention has been directed toward the brain, and a number of studies have shown the benefit of dietary supplementation on cerebral function, such as memory and learning, as well as in enhancing the neural repair of damage caused by pathological processes, including Alzheimer disease, 4 epilepsy, 8 and traumatic brain injury. 20, 23 In contrast, comparatively little information has been published regarding the use of dietary supplementation to enhance neural repair in disorders affecting the spine, and this represents a fertile area for study. The goal of the present study was to investigate a novel, noninvasive method of promoting neuroprotection in an animal model of myelopathy by using the combined application of DHA and curcumin.
Methods

Experimental Design
Twenty-seven male Sprague-Dawley rats (Charles River) weighing between 200 and 250 g were housed 2-3 per cage and maintained in environmentally controlled rooms (22°-24°C) with a 12-hour light/dark cycle. After 1 week of acclimation, the rats were randomly assigned to 3 groups consisting of 9 animals each: spinal compression and a diet supplemented with saturated fats designed to replicate a Western society diet 9 (62% saturated fats, 34% sucrose; D12079B, Research Diets, Inc.; WD group), spinal compression and a diet (102566, Dyets, Inc.) supplemented with DHA (1.2%, Nordic Naturals, Inc.) and curcumin (500 ppm, Sigma Corp.; DHA-Cur group), and intact with a standard diet (control group). Spinal compression animals underwent placement of a thin epidural nonresorbable polymer in the midthoracic spine, designed to induce a delayed neurological deficit. The assigned diets were administered to the rats after the surgery, and the animals were allowed to feed ad libitum for 6 weeks. Examiners of the molecular and functional testing were blinded to the treatment arms.
Experiments were performed in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals. The UCLA Chancellor's Animal Research Committee approved all procedures.
Surgical Procedures
The surgical procedures were performed under sterile conditions. Animals were given an analgesic (Buprenex) subcutaneously to alleviate pain associated with the procedure. Rats were maintained in a deep anesthetic state with isoflurane gas throughout the surgery. The caudal-most ribs were palpated, and the midthoracic region was localized. Under a magnification loupe (× 3.5), a 1.5-cm midline incision was created and a self-retaining retractor was placed. The spinous processes were identified, and 2 adjacent vertebral levels were further skeletonized. The spinous process of the superjacent level was grasped with a clamp and gently elevated to open the intralaminar space. At this point, a needle-nose rongeur was used to create a bilateral partial laminectomy. Hemostasis was established, and the spinal canal and dura mater were identified. At this point a precut 2 × 4 × 1-mm piece of dry expandable polyvinyl alcohol sponge (Merocel, Medtronic, Inc.) was gently inserted through the intralaminar defect and seated beneath the cephalad lamina. Care was taken to insert the sponge in an atraumatic fashion without causing a neurological deficit. The polyvinyl alcohol sponge expands to approximately 3 times its size after absorbing liquid. The sponge was kept dry until seated in the epidural space. The self-retaining retractors were then removed, and the skin was closed with 4-0 nylon sutures. The rat was injected with analgesics and saline and then recovered on a warming pad.
Magnetic Resonance Imaging Procedure
Three animals underwent thoracic spine MRI 2 weeks postoperatively to obtain radiographic confirmation that spinal canal compression was induced by the model (Fig. 1) . A high-field, small-bore Bruker MRI BioSpec 70/30 (Bruker BioSpin) 7-T magnet was used. It has a 30-cm bore with Avance electronics and is controlled by ParaVision 5.0 operating software. Images were obtained using a 166-mm BGA gradient system and a 60-cm-volume transceiver.
Behavioral Testing
CatWalk Test. Prior to surgery the animals underwent baseline gait testing utilizing the CatWalk automated gait analysis system (Noldus Information Technology). The apparatus is made of a 1.3-m-long glass plate with dim fluorescent light beamed into the glass from the side. In a darkened environment (below 1 lux of illumination), the light is reflected downward, and when the animal's paws come in contact with the glass surface, images of the footprints are recorded by the camera under the walkway (Fig. 2) . The images from each trial were converted into digital signals and processed with a threshold set at 30 au (range 0-225 au), meaning that all pixels brighter than 30 au were used. The imaging setting used in this study defined 1 pixel as 0.085 mm. Rats were subjected to 3 consecutive runs in each test. Data were collected in the computer and analyzed using CatWalk XT software.
Beam-Walk Test. The beam-walk test was performed as previously described. 25 This test was used to evaluate the fine motor coordination of all animals. The device consists of a narrow wooden beam 10 mm wide and 180 mm in length and is suspended 400 mm from the tabletop. Rats were videotaped as they walked both directions of the beam. The foot faults (missing or grasping the sides of the beam) over 50 steps were counted in either direction on the beam.
Molecular Assessment
All rats were euthanized 42 days after the surgical procedure, even the intact ones. The midthoracic region (approximately 5 mm cephalad and caudal to the indented region of spinal cord where the sponge was placed) and the lumbar enlargement region were dissected and saved at -70 C° for protein analysis. Protein extracts were prepared in lysis buffer (137 mM NaCl; 20 mM Tris-HCl, pH 8.0; 1% NP-40; 10% glycerol; 1 mM phenylmethylsulfonyl fluoride; 10 mg/ml aprotinin; 1 mg/ml leupeptin; and 0.5 mM sodium vanadate). Homogenates were processed in a centrifuge, and supernatants were collected. Total proteins were quantified according to the MicroBCA procedure (Pierce).
Twenty-five micrograms of protein from each sample was used for Western blot analysis. The membranes were incubated overnight with the following primary antibodies: anti-BDNF (1:1000, Santa Cruz Biotechnology), anti-4-HNE (1:1000), antisyntaxin-3 (1:1000), and antiactin (1:2000) used as an internal standard. Secondary antibodies were anti-goat or anti-rabbit immunoglobulin G-horseradish peroxidase (Santa Cruz Biotechnology). After rinsing with buffer (0.1% Tween-20 in TBS), immunocomplexes were visualized by chemiluminescence using the Amersham ECL Plus Western blotting detection kit (GE Healthcare Life Sciences) according to the manufacturer's instructions. Film signals were digitally scanned using a Hewlett-Packard scanner (HP Scanjet 3970) and quantified with NIH Image software, normalized for actin levels.
Statistical Analysis
All statistical analyses were performed using SPSS 16.0 software (SPSS, Inc.). Group differences were considered significant at p < 0.05. Results were expressed as the mean percent of intact control values and represent the mean ± standard error of the mean for protein measurements. All data were analyzed with 1-way ANOVA. Post hoc tests were conducted using Bonferroni comparisons.
Results
Behavioral Assessment
The CSM model was successful in creating a delayed neurological deficit. In the WD group, worsening gait function was initially observed at the postoperative Day 21 time point. This worsening was manifested by an increase in foot faults while attempting to ambulate on the beam walk, which were not observed immediately postoperatively. Animals fed the diet supplemented with DHA and Cur had fewer foot faults than those fed the WD (Fig. 2 and Videos 1 and 2). The gait decline was confirmed further by using CatWalk XT software data analysis. The WD group demonstrated significant worsening in specific ambulation parameters, such as cadence (p < 0.02), mean stepping intensity (p < 0.03; Fig. 3) , and print width (p < 0.04; Fig. 4 ), at Day 42 as compared with baseline ( Table 1 ). The gait decline in this group became significantly worse than baseline at the postoperative Day 21 time point and continued to be significantly worse throughout the remainder of the study. In contrast, there was no significant difference in the baseline and postoperative Day 42 gait parameters for the DHA-Cur animals. Additionally, although the 2 groups started with statistically equivalent performance in these parameters, the DHA-Cur group had significantly better gait function than the WD group at the final postoperative Day 42 time point (p < 0.05).
Molecular Assessment
Effects of Diet in the Thoracic Region. The 4-HNE levels in the thoracic region at the site of compression were significantly elevated in the WD group (180% of intact animals) as compared with those in both the intact animals (p < 0.01) and the rats that had received DHACur (89% of intact animals, p < 0.01), indicating severe cellular membrane damage. In comparison, rats in the DHA-Cur group had thoracic spinal cord 4-HNE levels that were not significantly different from those in the intact control animals (p > 0.05; Fig. 5A ). Syntaxin-3 levels in the thoracic region were significantly lower in the WD group (61% of intact) than in both the control group (p < 0.01) and the DHA-Cur group (91% of intact, p < 0.05). There was no statistical difference in syntaxin-3 levels between the DHA-Cur and intact groups (Fig. 5B) . Thoracic spinal cord BDNF levels were significantly lower in the WD group (79% of intact) than in both the intact group (p < 0.05) and the DHA-Cur group (106% of intact, p < 0.05). The thoracic spinal cord BDNF levels in the DHA-Cur group were not significantly different from those in the intact control animals (p > 0.05; Fig. 5C ).
Effects of Diet in the Lumbar Enlargement
Region. The 4-HNE levels in lumbar enlargement were also significantly higher in the WD group (154% of intact) than in both the intact control group (p < 0.05) and the DHA-Cur group (93% of intact, p < 0.05; Fig. 6A ). There was no significant difference in lumbar 4-HNE levels between the DHA-Cur group and the intact group (p > 0.05). The lumbar syntaxin-3 levels were significantly lower in the WD group (67% of control) than in both the intact group (p < 0.05) and the DHA-Cur group (112% of control, p < 0.05). There was no significant difference in syntaxin-3 levels between the DHA-Cur group and the intact group (p > 0.05; Fig. 6B ). The lumbar enlargement BDNF levels were significantly lower in the WD group (65% of control) than in both the intact group (p < 0.05) and the DHA-Cur group (108% of control, p < 0.05). There was no significant difference in BDNF levels between the DHA-Cur group and the intact group (p > 0.05; Fig. 6C ).
Discussion
Dietary Supplementation
In recent years, there has been rapidly increasing interest in the utility of dietary supplementation to augment CNS function. Most attention has been directed at the brain, and, in fact, many adults regularly ingest supplemental nutrients to enhance important brain functions such as memory and cognition. Some of the most commonly used nutritional supplements for this purpose are the omega-3 fatty acids, which have been demonstrated to upregulate genes critical for maintaining synaptic function and plasticity in rodents. 24 Of the omega-3 fatty acids, DHA has been one of the most used clinically and has been extensively studied in a variety of animal models. Docosahexaenoic acid is essential for CNS structure and function, as it is an important constituent of neuronal membrane phospholipids. 6, 18 In addition, DHA reduces inflammation and improves neurotransmission. Curcumin is one of the principle components of the Indian curry spice turmeric and has been used medicinally for its antiinflammatory and antibacterial properties for centuries. Recent studies have also demonstrated antioxidant properties, and therapeutic applications of curcumin within the CNS have been described in the treatment of Alzheimer disease, subarachnoid hemorrhage, 22 and ischemic stroke.
14 As with DHA, the neuroprotective effects of curcumin have been predominantly studied in the brain, where it has been shown to promote neural repair by restoring energy homeostasis that is critical for synaptic function. 23 
Cervical Spondylotic Myelopathy Secondary Biological Injury and the Role of BDNF
Our injury model reduced levels of BDNF protein while DHA-Cur dietary treatment counteracted these effects. The described actions of neurotrophins to limit neurological injury and enhance neural repair have a potentially strong application in the treatment of CSM. One of the main characteristics of the secondary neuronal injury in chronic SCI is the decreased concentration of critical axonal growth factors that could enhance functional spinal circuit repair. Of the key growth factors involved in neural repair, BDNF has demonstrated particular promise, as it has been shown to have important roles in axonal regeneration, promoting neuronal survival, regulating synapse formation and stabilization, increasing dendritic complexity, and enhancing synaptic efficacy. 15 Brain-derived neurotrophic factor has also been shown to suppress the delayed apoptosis of oligodendrocytes after SCI in a rodent model. 13 Apoptotic oligodendrocyte cell loss occurs in the evolution of CSM, and the extent of this loss correlates with the severity of neurological injury.
11 Even more importantly, the powerful action of BDNF in promoting neuronal excitability is crucial to enhance neuronal function and the transmission of information across the synapse. Kasahara et al. 10 progressively compressed the spinal cords of rats by placing a thin expanding polymer sheet under the T-7 lamina. Parallel cohorts underwent laminectomy with removal of the polymer at 6, 9, and 12 weeks postcompression, were euthanized, and underwent histopathological examination. In the nonlaminectomy group, BDNF protein levels were elevated 6 weeks after compression but declined after 12 weeks. The decompressive procedure was effective in preventing neuronal loss in the 6-week group but was not effective in the 9-and 12-week groups. The authors suggested that the initial upregulation of BDNF expression probably served as a compensatory mechanism to protect against neural injury and that the decreasing level of BDNF may be one of the mechanisms of compression-induced spinal cord neuronal death.
These findings were supported in part by Xu et al.,
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who evaluated adenovirus-mediated BDNF (AdV-BDNF) gene transfer in and around the area of mechanical compression in the twy/twy hyperostotic mouse model. Retrograde spinal cord delivery of either AdV-LacZ or AdV-BDNF was performed via sternocleidomastoid injection, and 4 weeks later the upper cervical segments were harvested and subjected to pathohistological analysis. Immunoreactivity to BDNF and the number of surviving anterior horn neurons were much higher in the AdV-BDNF cohort. The overall results seem to suggest a protective action of BDNF that mitigates the effects of chronic SCI.
Dietary Supplementation in Myelopathy
In the present study we used a model similar to that The 4-HNE levels in the thoracic region at the site of compression were significantly elevated in the WD group as compared with both the intact and the DHA-Cur groups (**p < 0.01). B: Syntaxin-3 (STX-3) levels were significantly lower in the WD group than in both the intact group (p < 0.01, larger asterisk at left) and the DHA-Cur group (p < 0.05, smaller asterisk at right). C: Spinal cord BDNF levels were significantly lower in the WD group than in both the intact group and the DHA-Cur group (*p < 0.05).
used by Kasahara et al. 10 and Kim et al.; 12 we placed a thin expandable nonresorbable polymer, polyvinyl alcohol, underneath the thoracic lamina of laboratory animals to induce delayed myelopathy with resultant neurological symptomatology. The polymer was carefully placed in an atraumatic fashion to ensure that an acute SCI was not induced. Development of the neurological deficit was principally related to the stretch injury across the narrowed segment during animal motion over time, akin to the etiology of dynamic myelopathy encountered in human CSM.
5
The rationale for using curcumin and DHA to combat the secondary biological injury in myelopathy is severalfold. We have previously shown that dietary treatment using a curcumin derivative resulted in the elevation of spinal cord BDNF levels as compared with levels in animals not receiving the supplementation. 25 Moreover, studies in vitro or in vivo have shown that DHA promotes the growth of CNS neurons by involving the action of BDNF. 24 Thus, one of the postulated mechanisms of neural repair in the present study was to use curcumin and DHA to maintain levels of BDNF within the damaged spinal cord and potentiate its effects.
Additionally, oxidative membrane damage is a major cause of neuronal death and a reduction in the viability and function of remaining neurons after CNS injury.
17
Plasma membranes are particularly susceptible to oxidative damage, which can significantly impair neurotransmission and cellular function. Docosahexaenoic acid is a major component of the phospholipidic structure of plasma membranes and has been demonstrated to reduce oxidative cellular injury following acute SCI. 7 As free radical-mediated cell damage is a leading mechanism of SCI in CSM, 11, 27 we hypothesized that curcumin and DHA could have substantial beneficial effects in limiting oxidative membrane injury and promoting neural repair. Cellular membrane oxidative damage at the site of compression in this model was confirmed by the elevation of spinal cord 4-HNE levels in the animals that did not receive dietary supplementation. Neuronal injury has been associated with oxidative damage to membranes, which involves reactions of free radicals with double bonds of fatty acids that produce a,b-unsaturated aldehydes such as 4-HNE. 19 Similarly, the 4-HNE levels were significantly higher within the lumbar enlargement in the animals that did not have dietary supplementation, indicating significant lipid peroxidation. The significance of the lumbar enlargement is that this is the location of the motor neurons and nerves fibers that innervate the hind limbs. Thus, injury to the primary corticospinal tract fibers also resulted in downstream cellular membrane damage within the lumbar enlargement.
We further analyzed the cellular membrane injury by measuring syntaxin-3 levels in the region of lumbar enlargement. This protein is localized to the presynaptic plasma membrane, which plays a crucial role in the docking and fusion of vesicles during neurotransmitter release. 16 Given that syntaxin-3 has been shown to be under the influence of DHA 2 and is located in areas of synaptic contacts, it is a suitable marker to assess the effects of our dietary treatment on the plasma membrane. Accordingly, our data demonstrated significantly higher lumbar syntaxin-3 in the DHA-Cur group and, in conjunction with a reduction in lipid peroxidation (4-HNE), indicated a possible healing effect on the plasma membrane.
The animals that received DHA-Cur maintained significantly higher levels of spinal cord BDNF both at the level of compression and in the region of lumbar enlargement than those that did not receive dietary supplementation. Based on the aforementioned animal CSM studies and other laboratory investigations of BDNF, it is likely that the maintained levels of spinal cord BDNF, combined with decreased cellular membrane injury, were critical factors in the preserved neurological function observed in the DHA-Cur group.
Conclusions
There is a great need for the development of neural repair strategies to help neutralize the secondary biological injury encountered during both the nonoperative and operative treatment of patients with CSM. Dietary supplementation has proven to be successful in the treatment of a variety of pathological conditions throughout the CNS. In an animal model of myelopathy, we have demonstrated that DHA and curcumin can counteract the effects of chronic spinal cord compression through several molecular mechanisms, resulting in the preservation of neurological function.
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